Life began probably under a reducing atmosphere. Sulphur was present in the form of sulphides, and it is assumed that early cells made extensive use of thiols as functional groups in the intermediate metabolism and as hydrogen donors for biosynthetic reactions (Schirmer & Schulz, 1987) . When O2 began to accumulate in the atmosphere, oxidized compounds such as disulphides and sulphate were the chemically favoured forms of sulphur, and free thiols were threatened by extinction. To produce and protect intracellular thiols in this increasingly hostile environment, adaptive mechanisms became necessary. Key roles of these functions are played by NADPH-dependent flavoenzymes such as thioredoxin reductase, pantethinediphosphate reductase, glutathione reductase and trypanothione reductase. In some habitats, intracellular thiols must also be protected from Hg2+ ions (Walsh et al., 1988) . The protective bacterial enzyme is NADPH-dependent mercuric ion reductase which catalyses the reaction NADPH + Hg? Walsh, 1982) .
Sequence comparisons have unequivocally shown glutathione reductase (Krauth-Siege1 et al., 1982; Greer & Perham, 1986) , mercuric ion reductase (Brown et al., 1983) and trypanothione reductase (Shames et al., 1988) to be homologous proteins. Their family includes also lipoamide dehydrogenase (Stephens et al., 1983; Otulakowski & Robinson, 1987) ; indeed, this NAD-dependent dithiol dehydrogenase is probably the ancestor of the thiol-protecting NADPH-dependent reductases (Fahey, 1977; Perham, 1987; Fahey et al., 1987) .
The genealogy of thioredoxin reductase is not clear; the mechanistic similarity (Fig. 1) between this enzyme and the family represented by lipoamide dehydrogenase might well be the result of a convergent evolution (Williams, 1988) .
As the work on NAD( P)H: disulphide oxidoreductases has been extensively reviewed (Williams, 1976; Holmgren, 1980; Perham, 1987; Schirmer & Schulz, 1987; Williams, 1989) , the present report focuses on recent developments.
Ttypanothione reductase, a recently discovered disulphide reductase
Trypanosomatid parasites are known to cause a variety of serious deseases in man and domestic animals. These include African sleeping sickness, Chagas' disease, oriental sore and kala azar in humans and nagana in cattle. The thiol-disulphide metabolism of these protozoal parasites is not based on glutathione and glutathione reductase as in most other eukaryotic cells, but on glutathionylspermidines and trypanothione reductase (Fairlamb et al., 1985; Henderson & Fairlamb, 1987) . Trypanothione reductase (Fig. 2 ) has been isolated in crystalline form (Krauth-Siege1 et al., 1987) from Trypanosoma cruzi, the causative agent of Chagas' disease in South America [Charles Darwin's mysterious disease was probably Chagas' disease (Adler, 1959; Medawar, 1972) l. This enzyme and glutathione reductase (GSSG + NADPH + H + + 2GSH + NADP+ ), the corresponding host enzyme, share many physical and chemical properties. Both proteins are homodimers of approx. 100 kDa, contain FAD as prosthetic group and a redox active dithiol at the catalytic site, and both prefer NADPH as reductant ( Fig. 1) . Recently the complete primary structure of trypanothione reductase from the cattle pathogen T. The crucial difference between trypanothione reductase and the host enzyme glutathione reductase is their mutually exclusive specificity towards the disulphide substrate. Trypanothione reductase does not reduce GSSG, but conjugates between glutathione and spermidine such as trypanothione (Fig. 2) or glutathionylspermidine disulphide. The latter compound is also found in Escherichia coli during the stationary phase and can be isolated from this source (Tabor & Tabor, 1975) . Under suitable conditions, it is an effective disulphide substrate (Jockers-Scheriibl et al., 1989).
Fig. 1. Mechanistic scheme for NAD(P)H:disulphide oxidoreductases
For human glutathione reductase, the stereochemistry of catalysis as well as the binding mode of some pharmacologically active compounds are known in atomic detail (Schirmer et al., 1989) . One purpose of our work is to compare the three-dimensional structures of glutathione reductase and trypanothione reductase and to tailor specific inhibitors of the parasite enzyme. Several trypanocidal drugs are potent inhibitors of trypanothione reductase from T. cruzi in vitro (Jockers-Scheriibl et al., 1989) and could serve as starting points in drug design. Lampit (nifurtimox), one of the very few drugs active against Chagas' disease is an effective inhibitor of human glutathione reductase (K, 40 p~) and a weaker inhibitor of trypanothione reductase (K, 150 p~) .
In view of the fact, however, that different T. cruzi strains exhibit greatly differing susceptibilities to nifurtimox, the inhibition of trypanothione reductase ought to be determined for the different strains.
Binding of NADPH to glutathione reductase
Human glutathione reductase is the only disulphide reductase for which the binding of NADPH has been studied in atomic detail by crystallography. Only two side-chains of the protein (Tyr-197 and Arg-218) undergo major conformational changes on NADPH-binding. In the absence of NADPH, the side-chain of Tyr-197 occupies the nicotinamide pocket, but in a strained conformation. During the NADPH-induced movement of Tyr-197 this strain is released, an effect that contributes to the strength of NADPH-binding (Pai et al., 1988) . As shown in Fig. 3 , NADPH binds to the enzyme in an extended form. The nicotinamide moiety occupies the pocket left by Tyr-197 and is in stacking interaction with the middle ring of the flavin. According to this stereochemistry, the H, of nicotinamide delivers reducing equivalents to the re-face of the flavin. This H,-to-re assignment is consistent with isotopic labelling studies (Manstein et al., 1986 ). The C-4 atom of nicotin- physiological substrates such as 2,4,6-trinitrobenzene (Carlberg & Mannervik, 1986) .
The pyrophosphate group of NADP(H) is bound at the Cterminal edge of a parallel-stranded @-sheet as is common in nucleotide-binding proteins (Schirmer & Schulz, 1987) . The phosphoryl group of the nicotinamide nucleotide is secured to five residues, whereas the adjacent phosphoryl group interacts only with Gly-196. The 2'-phosphoryl group, surrounded by three basic residues (Arg-2 18, Arg-224 and His-219; Krauth-Siege1 et al., 1982) , is the focus of coenzyme binding. Fragments of NADPH lacking this group are bound less readily or not at all to glutathione reductase (Pai et af., 1988) .
Exposure to NADPH in vitro leads to slow inactivation of glutathione reductase. This effect is probably due to intra-or inter-molecular disulphide formation involving one of the nascent active-site thiols ( Fig. 1 ; Worthington & Rosemeyer, 1976; Pinto et al., 1984) . For glutathione reductase from E. coli another mechanism has been suggested, namely an NADPH-promoted dissociation of the dimeric enzyme into inactive monomers (Arscott et al., 1987) .
Effect of glutathione reductase deficiency on malarial parasites
Epidemiological observations and biochemical studies suggest that favism (drug-sensitive glucose-6-phosphate dehydrogenase deficiency in erythrocytes) confers resistance against malaria. We tried to mimick this protective effect of favism by inhibiting the enzyme glutathione reductase (Zhang et al., 1988) . To prepare erythrocyte populations with various levels of glutathione reductase activity, we treated the cells with the cytostatic agent carmustine (BCNU) which is known as a rather specific irreversible inhibitor of the enzyme in its EH,-form (Fig. 1) . A side-effect of these studies was the observation that intraerythrocytic glutathione reductase cannot be poisoned when the supply of glucose is insufficient for keeping the enzyme in the EH,-form (Fig. 1) . If there is a shortage of reducing equivalents, which are carried from glucose 6-phosphate via NADPH to glutathione reductase, the predominant form of glutathione reductase is E. This suggests that an intact redox metabolism is a prerequisite for the inhibition of intracellular glutathione reductase by nitrosoureas and that the [EH,]/[E] ratio deter-mined by this or other approaches is a suitable indicator of the intraerythrocytic redox status.
When the pretreated erythrocytes were tested in drug-free culture media as host cells of the malarial parasite Plasrnodium falciparum, a negative correlation between glutathione reductase activity and parasite growth was observed. Erythrocytes with an activity of less than 20 munits/ml cells did not serve as host cells for the parasite, although these cells were otherwise viable (Zhang et al., 1988) . On the basis of these and related studies Becker, 1988) , glutathione reductase is considered as a promising target for the design of antimalarial drugs.
In regions where malaria is endemic, riboflavin deficiency is also common. As a consequence, a large proportion of glutathione reductase molecules in erythrocytes lack their cofactor FAD. On this account, FAD-free apoenzyme was prepared and studied in vitro. It was found to share many properties with the holoenzyme; these include the overall structure (Ermler & Schulz, 1989) , susceptibility to modification by carmustine and specific binding of NADPH (Becker, 1989) . NADPH-binding to the FAD-binding site of apoglutathione reductase was not observed; this was tested because the FAD-binding domain and the NADPH-binding domain in glutathione reductase (as well as in related enzymes) are homologous structures (Pai & Schulz, 1983; Schirmer & Schulz, 1987) .
Outlook
A major function of NADPH-dependent disulphide reductases is to cope with oxygen toxicity (Ondarza et al., Fahey et al., 1987) . Reactive oxygen species are not only harmful to the human body. Compounds such as H202, produced by macrophages and other cells, play a key role in the defence mechanisms against parasites and possibly also against tumour cells . As outlined in this report, pharmacological inhibition of disulphide reductases such as trypanothione reductase and glutathione reductase may represent a promising strategy against parasitic diseases.
Introduction
ADPribosylation reactions are ubiquitous; the enzymes catalyse the transfer of the ADP-ribose portion of NAD+ to Abbreviations used: ADPRT, ADP-ribosyltransferase; EF-2, elongation factor 2; 3AB. 3-aminobenzamide; 3MB, 3-methoxybenzamide; dThd, deoxythridine; dCyd; deoxycytidine; SCE, sister chromatid exchange; MNNG, N-methyl-N-nitro-N-nitrosoguanidine; DMS; dimethylsulphate; MMS, methyl methane sulphonate.
Vol. 17 proteins. These reactions seem to regulate a wide variety of cellular functions. ADP-ribosyl transferase (ADPRT ) enzymes occur in both the nucleus and the cytoplasm. The nuclear ADPRT synthesizes homopolyers of ADPribose on suitable acceptor proteins; the polymers may be linear or branched. The nuclear enzyme is confined to nucleated cells, but is found in nucleated protozoa, plants and animals. The cytoplasmic enzymes seem to be able to catalyse only the formation of mono-ADP-ribosyl protein products. These mono-ADPRT enzymes are ubiquitous and occur in bacteria, bacteriophages, protozoa, plants, animals and viruses. The physiological functions of the nuclear enzyme have been shown to include the regulation of DNA repair. It probably
